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The volume of blood flowing through the pulmonary artery per unit of time is dependent upon the pressure in the pulmonary artery, the resistance to blood flow offered by the pulmonary vasculature, and the ability of the left side of the heart to handle the volume of blood which it receives. In this paper, the resting values for pulmonary blood flow, pulmonary arterial pressure, pulmonary "capillary" pressure, the pulmonary artery-pulmonary "capillary" pressure gradient, and the pulmonary arteriolar resistance are presented. In addition, the interrelationships of these various components of the pulmonary circulation as affected by increased blood flow through the lung, by elevated pressures in the pulmonary artery, and by high pressures in the pulmonary capillaries have been analyzed.
METHODS
Patients were studied in a fasting state or else an hour or more following a light breakfast of black coffee, toast, and jam. Cardiac catheterization was carried out in the usual fashion. Pulmonary "capillary" pressure was measured as described elsewhere (2) . The catheter was then withdrawn to the pulmonary artery in the region of the 'This study was supported by a grant from the Life Insurance Medical Research Fund, and the National Heart Institute, U. S. Public Health Service.
2This work was done during the tenure of a National Institutes of Health Postdoctorate Fellowship. 8 This work was done during the tenure of a Life Insurance Medical Research Fellowship. bifurcation. A No. 21 needle connected with a saline drip was introduced into either the radial or brachial artery. When pulse and respiratory rates were stable, cardiac output was determined by the direct Fick principle. Expired air was collected for three minutes in a Douglas bag. The volume was measured in a Tissot spirometer. Oxygen and carbon dioxide concentrations were measured by the Haldane-Henderson method. In some experiments oxygen alone was measured by the Pauling oxygen analyzer. Midway during collection of the expired air, blood samples were withdrawn from the pulmonary and from the systemic arteries simultaneously and analyzed for oxygen content, capacity, and saturation by the method of Van Slyke and Neill (3) and the arteriovenous oxygen difference calculated. Pressures were recorded in the pulmonary artery and systemic artery simultaneously immediately after withdrawal of blood samples.
In patients investigated early in this study, pulmonary blood flow was calculated from data obtained as follows (4) : oxygen consumption was determined by the Benedict-Roth method before cardiac catheterization; mixed venous blood was subsequently obtained from the pulmonary artery through the catheter; and a sample of brachial or femoral arterial blood was taken after the catheter had been withdrawn from the body. Cardiac outputs calculated in this way may be recognized in the tables by absence of data in the column for oxygen consumption by expired air. As regards the accuracy of this method of determining cardiac output, little error was introduced in the arterial sampling, since none of the patients with mitral stenosis and cardiac failure had arterial oxygen unsaturation. Since in congenital heart disease with shunts there is gross error in the calculation of blood flow (4) where PAm= mean pressure in the pulmonary artery, "PC."= mean pressure in the pulmonary "capillaries," Q/t = cardiac output in cc. per second, and 1332 the conversion factor from mm. Hg to dynes per cm. 2 The term "arteriolar" resistance is used in the physiological sense, since there are no vessels in the lung having the anatomical characteristics of systemic arterioles. In his book, Miller (7) avoids the word. In the physiological sense, however, it is used to designate small vessels between the large arteries into which the catheter is wedged and the true pulmonary capillaries.
Work of the heart consists of work against pressure and work done in accelerating the blood (kinetic work) (8) sidered to be normal in all respects. Three had primary syphilis and one congenital syphilis; all had been under treatment with penicillin for at least 48 hours before these studies were undertaken.
The data in Table I indicate that in this group of normal patients the pulmonary artery systolic pressure varied between 19 and 26 with an average of 23 mm. Hg, the diastolic between 6 and 12 with an average of 9 mm. Hg, and the mean between 13 and 17 with an average of 15 mm. Hg. The pulmonary "capillary" mean pressure ranged from 6 to 12 with an average of 9 mm. Hg, which is in agreement with values previously reported (2) . The gradient of pressure between pulmonary artery and pulmonary "capillaries" averaged 
Comment
Others (10, 12) have shown that pulmonary artery mean pressures are normally within the range reported here, being only about 15 per cent of the magnitude of the pressure in the systemic circuit.
The pulmonary "capillary" pressure in this group of patients averaged 9 mm. Hg. The zero point for the recording of all pressures was taken 10 cm. anterior to the back with the patient recumbent (13) . It is to be emphasized that this was an arbitrary zero point used in relation to what was assumed to be the position of the right auricle. For the determination of the effective hydrostatic pressure of blood in the capillaries, the intrathoracic pressure would have to be measured and the exact position of the tip of the catheter would have to be used as the point of zero reference. Bearing these features in mind, it is apparent that the true capillary pressure in the lung was much lower than the value of 25 mm. Hg that exists in the peripheral capillaries, at least of the skin (14) , and that the alveolar spaces are, from the point of view of hydrodynamic-osmotic relationships, well protected against the development of pulmonary edema.
The pulmonary "capillary" pressure approximated the diastolic pressure in the pulmonary artery and the averages for the eight patients were identical. In four of the eight cases, the pulmonary "capillary" mean pressure as measured was as much as 3 mm. Hg higher than the diastolic pressure in the pulmonary artery. Since, however, the pulmonary "capillary" pressure was expressed as a mean pressure, it cannot be stated from these figures that the diastolic pressure in the pulmonary artery was at any instant lower than the corresponding "capillary" pressure.
The gradient of mean pressures between pulmonary artery and pulmonary "capillaries" was low, averaging 6 mm. Hg, as compared with the systemic circuit where it is normally about 10 times higher. With a blood flow equal to that in the systemic circulation, it follows that the arteriolar resistance to blood flow in the lungs is small. As seen in Table I (21) . Like values have been found by others (12, 22) Pertinent data are given in Table II and plotted become elevated, that in the pulmonary "capilin Figure 1 . When pulmonary blood flows ex-laries" remained within normal limits, and the ceeded about 10 liters per min. per sq.m. body PA-"PC" pressure gradient became definitely surface, pressure in the pulmonary artery began to wider. Since patients with an elevated pulmonary RELATION described elsewhere (26) . The salient characteristics were that the systolic pressures in the brachial artery, pulmonary artery, and right ventricle were identical when recorded simultaneously. Levoposition of the pulmonary artery (27) was excluded by the finding of venous blood in the pulmonary artery. The calculation of pulmonary blood flow was based on the assumpton that pulmonary venous blood was 98 per cent saturated with oxygen. Table III presents the findings in the three patients with Eisenmenger's complex. The pulmonary arterial pressures were extremely high, while those in the pulmonary "capillaries" were entirely normal. Pulmonary artery blood flow was normal or decreased. The arteriolar resistances were enormous, being similar to or greater in magnitude than those in the normal systemic circuit. Comment It is not the purpose to discuss here the circulatory aspects and clinical course of Eisenmenger's complex, as this is treated in detail in another communication (26) . From the point of view of pulmonary circulatory dynamics, it is of interest that there is a high resistance to blood flow through the pulmonary arterioles.
Normally, the arteriolar resistance in the lung is 67 dynes seconds cm.-5 (Table I) , that in the peripheral circuit being about 1000 to 1200 (14) .
If these two resistances remained normal in the face of Eisenmenger's complex, survival would be shortlived because 1) most of the blood put out by the common ventricle would go to the low resistance area of the lungs, leaving little to go out the aorta, with death resulting; 2) if the high pressure of the common ventricle was maintained, which is unlikely under the above conditions, the pulmonary capillaries would be subjected to extremely elevated pressures which would result in pulmonary edema and death. As a matter of fact, neither occurs because of the high pulmonary arteriolar resistance. Pressures are maintained normal for the systemic circuit and high for the pulmonary circuit, blood-flows through the lung and through the periphery remain adequate for years, and the shunt from right-to-left and leftto-right remains minimal due to the essentially equal resistance offered by the pulmonary arterioles on the one hand and the systemic arterioles on the other, as Bing, Vandam, and Gray (16) first showed and we have confirmed (26) . Bing and his associates did not measure pulmonary "capillary" pressure, but in calculating resistance assumed a pulmonary capillary or left auricular pressure of zero. Their estimated resistances were of the same order of magnitude as those reported here.
The mechanism of the increased pulmonary arteriolar resistance in Eisenmenger's complex is not entirely clear. In patients with the tetralogy of Fallot, with hematocrit values as high or higher, pulmonary arteriolar resistance may be of the order of 200 to 300 dynes seconds cm.-5 (15), but not of the magnitude seen in Eisenmenger's complex. Increased viscosity of blood, therefore, plays only a small role in the increased resistance in these cases.
Motley and his colleagues (17) have observed that in response to breathing low oxygen gas mixtures, the pulmonary artery pressure rises. Pulmonary "capillary" pressures were not recorded but estimated pulmonary resistance doubled. This likewise would represent only a fraction of the resistance seen in Eisenmenger's complex with a similar degree of arterial oxygen unsaturation.
It seems plausible to assume that the arteriolar resistance is due primarily to a reduction in the size of the arteriolar lumens, but the mechanism by which the lumen becomes narrowed is not known. The peripheral capillaries are apparently protected from high arterial pressures through the intervention of arteriolar resistance, and it seems possible that the pulmonary capillaries might benefit by a similar protective mechanism. Although the pulmonary circulation acts in a seemingly passive manner over a wide range of physiologic conditions, there is a highly organized vasomotor activity which comes into play under certain conditions. Perhaps the best examples are those observed by Smith (28) and by ourselves (29) wherein marked pulmonary hypertension occurs due to arteriolar constriction as a result of experimental pulmonary embolism, and by Dirken and Heemstra (30) who showed intense pulmonary constriction in experimental anoxia of the lung exposed to nitrogen while the opposite lung was exposed to oxygen. Eleven patients were identified as having mitral stenosis by the typical murmur, with confirmatory history and laboratory signs. Eleven other patients were considered to have left ventricular failure as indicated by the presence of cardiac enlargement, exertional dyspnea, orthopnea, or evidence of pulmonary congestion. The influence of the elevated pulmonary "capillary" pressures found in these patients on other aspects of the pulmonary circulation has been studied.
Pertinent data are seen in Table IV and Figure  2 . It will be seen that as the pulmonary "capillary" pressure rose above 15 mm. Hg, which is our upper limit of normal (2) artery pressure rose proportionally until a value of about 20 to 25 mm. Hg for pulmonary "capillary" pressure was reached. At this point the pulmonary artery pressure began to rise precipitously, the PA-"PC" gradient to widen, and the arteriolar resistance to increase. In one instance of mitral stenosis, the resistance and pressure in the pulmonary artery approximated that of the systemic circuit.
From these data, certain conclusions seem justified. The "capillary" pressure in the lungs becomes elevated in mitral stenosis and left ventricular failure. Evidence indicates that the values obtained by the technique used represent minimal ones and are probably 2 or 3 mm. Hg lower than the true capillary pressure in the lungs (31) .
The height which the "capillary" pressure reached was somewhat of a surprise to us. Taking into account all errors in recording, the effect of an arbitrary zero point in relation to the actual tip of the catheter, and the effect of respiratory influences on the pressures in these vessels, it is still apparent that the pulmonary "capillary" pressure, as recorded at rest in some of the patients, was above the colloid osmotic pressure of the blood. It might be argued that the thickening of the capillary basement membrane in mitral stenosis (32) held back water and hence prevented pulmonary edema. This might-be a factor in slowing edema formation in acute stress situations, but it is difficult to conceive of its preventing edema in the face of a prolonged elevation of pressure in the lung capillaries unless it is postulated that the endothelium is impermeable, which of course is not the case, since pulmonary edema does occur. Little is known of the tissue pressure in the lung, either in normal conditions or in patients with chronic passive congestion of the lung.
It seems probable that tissue pressure around capillaries is equivalent to intra-alveolar pressure under normal conditions; whether engorgement of capillaries and thickening of alveolar walls would permit a rise in tissue pressure is conjectural. It is our belief that the absence of gross pulmonary edema in these patients with "capillary" pressures well in excess of 25 mm. Hg at rest cannot easily be explained by an increased tissue pressure in the lungs but by the hypothesis that part of the observed elevation of "capillary" pressure was transient and incidental to the stress of the catheterization procedure.
As pulmonary "capillary" pressure increased, pressure in the pulmonary artery at first rose pari passu, the PA-"PC" gradient remaining unchanged. With (14) , the pressure in the pulmonary artery and the PA-"PC" gradient increased out of all proportion to the rise of "capillary" pressure. In some instances, the pulmonary hypertension was extreme.
The mechanism of these disproportionately high pressures in the pulmonary artery was found in the increased arteriolar resistance. In four patients with mitral stenosis and in two with left ventricular failure, pulmonary arteriolar resistance was normal. The highest pulmonary "capillary" pressure among these was 26 mm. Hg, the others being less than 25 mm. Hg. The remainder of the patients had increased resistances which did not, however, show a linear relationship to the "capillary" pressure. Some individuals showed increases in resistance with pulmonary "capillary" pressures in the twenties and others to a much less extent with pressures in the thirties. In any event, resistances were extremely elevated in a few patients, particularly in those with mitral stenosis. In two, the resistances were 950 and 1480 dynes seconds cm.-5 respectively, which were roughly 14 and 22 times the normal. Dyspnea in these two patients was incapacitating. The elevated pulmonary artery pressures reported in left ventricular failure and mitral stenosis by others (12, 33) is readily attributable to the mechanism described.
The nature of the increased resistance is speculative but appears most likely to be on the basis of arteriolar constriction. In any event, it might be looked upon as a compensatory mechanism preventing to some extent sudden increases in flow through the capillaries to the incompetent left ventricle or to the narrow mitral valve and therefore protecting the pulmonary capillaries from a high hydrostatic -pressure and pulmonary edema. SUMMARY 1. Pulmonary hemodynamics have been studied in normal individuals at rest and the response of the pulmonary vasculature to large pulmonary blood flows, high pulmonary arterial pressures, and elevated pulmonary "capillary" pressures has been analyzed.
2. In eight normal patients at rest but not in a basal state, the average mean pulmonary artery pressure was 15 mm. Hg, the average mean pulmonary "capillary" pressure was 9 mm. Hg, the average gradient of pressure between the two was 6 mm. Hg, and the average arteriolar resistance was 67 dynes seconds cm.-5 The average work of the right ventricle against pressure or more properly the pulmonary peripheral work was 0.89 kg. m. per min. per sq.m. body surface.
3. The relation of large pulmonary blood flows to the pressure gradient from pulmonary artery to pulmonary "capillaries" was studied at rest in patients with uncomplicated patent ductus arteriosus and atrial septal defect. The gradient of pressure across the lung widened when the pulmonary blood flow exceeded approximately 10 liters per min. per sq.m. of body surface.
4. In three patients with Eisenmenger's complex with pulmonary arterial pressures which were essentially aortic in magnitude, the resistance to blood flow offered by the pulmonary arterioles was of the same order of magnitude as that in the systemic circuit.
5. Elevated pulmonary "capillary" pressures were consistently found in patients with mitral stenosis and left ventricular failure. When the pulmonary "capillary" pressure rose to values of about 25 mm. Hg, the pressure in the pulmonary artery rose proportionately, the pulmonary arterypulmonary "capillary" pressure gradient and the pulmonary arteriolar resistance remained normal. With pulmonary "capillary" pressures in excess of 25 mm. Hg (the approximate osmotic pressure of plasma), pressure in the pulmonary artery rose disproportionately, the PA-"PC" pressure gradient widened, and the pulmonary arteriolar resistance increased on occasion to 20 or more times the normal value.
